ABSTRACT Oil-paper insulation will inevitably endure impulse voltage with a superimposed dc voltage (superimposed voltage) because of introduced lightning or switching, which can induce charge accumulation and trigger flashover during the operation of a converter transformer. Temperature rise is also a nonnegligible factor that can significantly influence the performances of oil-paper insulation. This paper aims to reveal the effects of ambient temperature and superimposed voltage on surface charge and flashover behaviors in an oil-paper insulation system. Surface potential decay (SPD) experiments were performed under superimposed voltage with various polarity and amplitude combinations and at the temperature ranging from 20 • C to 80 • C. The results show that the initial surface potential and decay rate increase as the amplitude of the impulse voltage increases at 20 • C. The initial surface potential declines, and the process of SPD is accelerated at higher temperatures because of the increased concentration of shallow traps. Subsequently, flashover tests were conducted under superimposed voltage. It is found that flashover occurs after applying superimposed voltages even with a rather low dc voltage. In addition, the dc voltage component is primarily responsible for flashover. Weibull results also indicate that it is prone to trigger flashover at higher temperatures, because thermal excitation helps more carriers to escape from deep traps and participate in the process of flashover. Accordingly, the insulation characteristics of oil-paper system can be significantly influenced by superimposed voltage and temperature, which should draw great concern among the power grid.
I. INTRODUCTION
As one of the most advanced transmission technologies, UHVDC (Ultra-high Voltage Direct Current) has unique advantages in long-distance and large-capacity power transmission. A converter transformer is a crucial component in the UHVDC system, and its reliability directly influences the operation of the entire grid [1] , [2] . The excellent electrical performance, high mechanical strength and good thermal stability of the oil-paper insulation make it a popular insulation material. Because of special operational conditions, the oil-paper in the winding of a valve not only sustains DC voltage and AC voltage, but also bears various overvoltages [3] - [5] . In practical operation, the overvoltage is generally composed of impulse voltage and a superimposed DC operating voltage. In addition, temperature rise in a converter transformer will cause the degradation of the electrical performance of the oil-paper insulation [6] .
Under electric fields, charges accumulate on the surface of dielectrics, which can distort the electric field and lead to surface flashover and the insulation failure of the system [7] , [8] . In addition, the behaviors of surface charges become more complex under superimposed voltage, which make the surface flashover of dielectric occur more easily under the switching or lightning impulse voltage superimposed on DC voltages. It turns out that all amplitude, frequency, number and polarity of impulse voltage have impacts on the accumulation and dissipation of surface charges [9] , [10] . The dielectric breakdown characteristics change significantly depending on the polarity combinations of impulse voltage and DC prestress [11] , [12] .
In addition, temperature rise accelerates the procedure of SPD and influences trap distribution of dielectrics [13] , [14] . The surface flashover of the dielectric is also strongly associated with the temperature. The results show that the partial discharge inception voltage decreases as the temperature rises and surface flashover is prone to occur at high temperatures [15] . When a polarity reversal voltage is applied, the flashover voltage increases with increasing the ambient temperature, as less charge accumulates on the dielectric surface [16] . However, there are few studies on the surface charge and flashover characteristics of oil-paper insulation under the electrothermal coupling field. Thus, this study aims to investigate the mechanism of oil-paper insulation flashover influenced by temperature and superimposed voltage.
SPD measurement was used to study the surface charge transportation of oil-paper insulation under superimposed voltage. Decay rate and trap distribution were calculated to analyze the charge transport process in the oil-paper insulation and the effects of temperature, DC voltage, and impulse voltage on charge accumulation and dissipation. Most importantly, the mechanism of flashover influenced by electrothermal coupling fields was discussed. Based on this study, the surface charge and flashover characteristics of oil-paper insulation under electrothermal coupling fields can be known more clearly, which will provide bases for remitting surface flashover faults in practice.
II. EXPERIMENTAL ARRANGEMENT A. SAMPLE PREPARATION
In this experiment, the 45# mineral oil produced by Kunlun Energy Company (Karamay, China) was used as the insulating oil. The experimental paper was produced by Nantong Zhongling Co. Ltd (Nantong, China), whose main element was cellulose [17] . Each sample consisted of two layers of paper to simulate multilayer papers in a practical converter transformer.
The paper thickness was 0.08 mm and the size of each paper was 50 mm × 50 mm. Before the experiment, all samples were dried in the oven for 10 h at a temperature of 80 • C to avoid the impact of humidity. The dried samples were impregnated with insulating oil under vacuum for 24 h at the constant temperature of 80 • C. The room temperature was 20 • C and the relative humidity was approximately 30%.
B. SURFACE CHARGE MEASUREMENT
SPD measurement is an effective way to study the surface charge behavior and trap distribution of dielectrics [18] - [20] . The setups used in this study were shown in Fig. 1 . The upper needle with a diameter of 1 mm was connected to the conversion unit of HVDC and impulse power sources. The needle tip was placed 4.5 mm above the sample, whose dorsal side was connected to the ground electrode. The heating platform under the ground electrode can heat the sample up to a temperature from 20 to 80 • C.
After applying DC voltage generated by the HVDC source to the sample for 3 min, a 10-s impulse voltage with the same or different polarity will be immediately stressed. The DC voltage source and the impulse voltage source were disconnected simultaneously. Fig. 2 shows the waveforms of the superimposed voltages. After charging, SPD process of the sample was measured by a Kelvin type probe (model: Trek-6000b-5c), which was connected to an electrostatic voltmeter (Trek model 347-3hce).
C. FLASHOVER MEASUREMENT
Flashover tests under superimposed voltage were performed at several temperatures. The experimental setup was similar to that in reference [12] . In this experiment, finger-type electrodes and samples were set in a chamber that can control the test temperature varying from 20 to 80 • C. One of the electrodes was connected with the conversion unit of the HVDC source and impulse source, as shown in Fig. 1 , and the other was connected with the ground. The distance between the two electrodes was 15 mm. At 20 • C, a DC voltage with amplitudes of ±10, ±12 or ±14 kV was applied for 3 min. Then, the impulse voltage with the same or different polarity increased until flashover. In addition, test with the prestressing voltage of 10 kV were also performed at temperatures of 20, 40, 60 and 80 • C. 
III. RESULTS AND DISCUSSION

A. EFFECTS OF SUPERIMPOSED VOLTAGES ON SURFACE CHARGE ACCUMULATION AND DECAY
Charges generated by corona discharge around the tip of the needle electrode accumulate on the sample surface under the electric field between the two electrodes. The accumulated charges are mainly deposited in the micron-thin layer in the upper surface of the sample, which changes the surface potential. According to the results of SPD measurement, the initial surface potential and decay rate are obtained [17] . Fig. 3a and b show changes of initial surface potential and decay rate under superimposed voltages with opposite polarity. In Fig. 3a , the DC voltage is +5 kV, and the impulse voltage varies from 0 to −15 kV. The initial surface potential increases first. When the impulse voltage reaches −10 kV, the initial surface potential begins to decrease. The variation in decay rate with the negative impulse voltage has the same tendency and the infection point is at the-5 kV impulse voltage. It can be observed that the same variation tendency occurs after applying a positive impulse voltage with a superimposed negative DC voltage, as shown in Fig. 3b . When superimposed voltages with the same polarity are applied, the changes of initial surface potential and decay rate are shown in Fig. 4a and b. For both positive and negative superimposed voltages, the initial surface potential and decay rate increase with impulse voltage. It can be inferred that applying impulse voltage increases the accumulation of surface charges.
After applying 5 kV DC voltage for 3 min, the process of charges injection during the superposition of negative impulse voltage is shown in Fig 5. For negative impulse voltage with the amplitude lower than 5 kV, the superimposed voltage remains positive. There is no negative charge injected, while some positive charges will be generated during the impulse falling process because of the sharply elevating voltage. As a result, the surface potential increases. With the negative impulse voltage increasing to −5 kV, the sum is zero. The negative charges are still not injected and the positive charges increase. Consequently, more positive charges are injected into the surface of the sample. When the superimposed voltage is less than zero, negative charges will VOLUME 6, 2018 be injected, as shown in Fig 5c. However, the amount of injected negative charges is much smaller than the injected positive charges, and they can be ignored under lower negative impulse voltages. Because superimposed voltage rises from 0 to 5 kV within an extremely short time, a large number of positive charges are generated so that the surface potential under −10 kV impulse voltage is higher than that under −5 kV impulse voltage. As the impulse voltage rises to −15 kV, the initial surface potential decreases because more negative charges are injected and recombined with the positive charges. When positive impulse voltage is superimposed on a positive DC voltage, a large number of positive charges are generated in the rising edge so that surface potential increases with the positive impulse voltage. The tendency of decay rate is similar to that of initial surface potential under negative impulse voltage with a superimposed positive DC voltage, because the interior electric field depends on the surface potential.
B. EFFECTS OF TEMPERATURE ON SURFACE POTENTIAL DECAY AND TRAP DISTRIBUTION
The stray loss, Joule heating and other factors increase the oil temperature during the converter transformer operation. The variation of ambient temperature greatly influences the accumulation and dissipation of surface charges. This study investigated the relationship between surface potential and the temperature under ±10 kV impulse voltage superimposed on +5 kV DC voltage, as shown in Fig 6. It can be observed that the initial surface potential decreases as the temperature rises in both Fig. 6a and b. There are two main dissipation stages during SPD process, including a faster initial period and a slower subsequent period. As the temperature rises from 20 to 80 • C, the dissipation of surface potential is aignificantly accelerated, especially at the initial dissipation stage. When the temperature is kept at 80 • C, surface potential decreases to zero over a very short time, which indicates that temperature rise accelerates surface charges movements. In fact, the changes of surface potential with the temperature under other superimposed voltages are similar. Moreover, the tendency of initial surface potential under different superimposed voltages at several temperatures is the same as Fig. 4 , which is no longer stated in this paper.
In fact, the process of SPD is related to the charge escape process from traps, meaning that the detrapping of these charges causes the decline of surface potential. According to previous research [22] , a typical trap energy distribution contains two peaks, one representing deep traps and one representing shallow traps. At the beginning, charges trapped in shallow traps escape easily, causing rapid initial dissipation. With the lapse of time, charges trapped in deep traps begin to escape slowly, and thus the dissipation of surface potential slows. Therefore, it is important to research the trap characteristics of oil-paper insulation to further analyse the accumulation and dissipation of surface charges.
Based on calculations [14] , energy level noticeably increases with the temperature. Generally, temperature rise elevates the energy of charges so that some charges will not be captured by traps and some charges captured in deeper traps escape more easily at higher temperatures. Then, the trap energy level increases and those deeper traps can be measured. The relationship between trap density and temperature is shown in Fig. 7 . Shallow trap density increases while deep trap density decreases as temperature increases under both positive and negative impulse voltages. With more charges easily escaping from deeper traps, the number of shallow traps increases. However, the density of deep traps decreases with temperature rise. Although the higher energy level has been measured, the quantity is limited; moreover, numerous deep traps are redefined as shallow traps. Therefore, the charges trapped in deep traps decrease, and fewer charges escaped from deep traps can be measured.
C. EFFECTS OF SUPERIMPOSED VOLTAGES AND AMBIENT TEMPERATURE ON FLASHOVER VOLTAGE
The flashover is associated with the carrier transport along the dielectric surface between two electrodes. During transport, carriers trapped by shallow traps escape easily, while those trapped by deep traps find it hard to escape and tend to accumulate on the surface layer [23] . The dynamic behaviors of surface charge are an important influence factor of flashover voltage. Under the coupling stresses of ambient temperature and electric field, the flashover process of oil-paper insulation becomes complicated. In this paper, in order to reveal the flashover mechanism of oil-paper insulation, flashover tests of samples under compound fields were performed.
The results of flashover tests upon superimposed voltages application are summarized in concentration of the flashover voltage decreases with increasing the impulse voltage. It can be inferred that the probability of flashover in DC insulation system is significantly increased when lightning or switching strikes.
After applying DC voltage for 3 min, most charges are trapped in surface traps. When an impulse voltage with the same polarity is applied (first and third quadrants), a certain amount of charges are generated. More charge can move from one electrode to another via trapping and detrapping. In the meantime, surface charging becomes more dramatic as a result of the huge amount of energy generated by impulse transience and repetition. When a negative impulse voltage superimposed on a positive DC voltage is applied (second quadrant), the recombination process of positive and negative charges will decrease the amount of carriers contributing to flashover process. Therefore, it can be found from the results in first and second quadrants that the flashover voltage is slightly higher for the superimposed voltage with different polarities. The mechanism is also suitable for the results in the fourth quadrant. When the prestressing DC voltage increases, the initial charges accumulation and polarization degree become more dramatic so that the smaller stir of impulse voltage can cause flashover.
It is proved that the Weibull distribution is useful for investigating and analyzing the flashover voltage of dielectrics. Under 10 kV prestressing DC voltage, Weibull plots of the superimposed flashover voltage at different temperatures are shown in Fig. 9 . It is clear that flashover voltage decreases with the temperature. According to Fig 7a and b , the shallow trap density increases while the deep trap density decreases with the temperature rising. Hence, there is a higher probability that charges are captured by shallow traps than by deep ones. Charges tapped in shallow traps escape more easily to trigger the surface discharge along the oil-paper insulation [24] . As a result, flashover is more prone to occur at higher temperatures, as illustrated in Fig 8. In the meantime, higher ambient temperatures cause carriers to possess higher energy. The carriers with high energy can migrate through the surface more easily and contribute to the occurrence of flashover.
IV. CONCLUSIONS
This study investigated the surface charge and flashover behavior of oil-paper insulation used in a converter transformer. Temperature and electric field were set as the experimental variables to research the effects of actual operation conditions on the performances of oil-paper insulation. The trap energy level and density distribution were calculated and analyzed to further explain the results of flashover. The conclusions are as follows:
(1) Regardless of the superimposed voltages with the same or different polarities, the application of impulse voltage will cause negative influence on the accumulation of surface charges. However, the decay rates are elevated under both positive and negative impulse voltages.
(2) With the temperature increasing from 20 to 80 • C, the initial surface potential declines, which is attributed to the fact that charges can obtain more energy and escape from traps at higher temperatures. Both the deep and the shallow trap energy levels of the oil-paper insulation increase with the temperature. However, the shallow trap density increases while the deep trap density decreases.
(3) Flashover can occur under an impulse voltage superimposed on a rather low DC voltage. The amplitude of the superimposed voltage decreases as the DC voltage increases. Flashover is more likely to occur at higher temperatures, because shallow trap density and concentration are increased, which makes more charges participate in the procedure of flashover.
